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Abstract

It has been determined that by reducing the carbon content of line-pipe stedl to about 0.03%
many property improvements are achieved such as excellent toughness, ductility and esse of
welding as wdl as reduced segregation including the dab centerline regions, necessary to
guarantee resstance againgt sour media  Furthermore, lower carbon contents increase the
niobium cabide solubility and permit the use of higher niobium contents than these
traditionaly used. Niobium contents up to 0.10% have recently been adopted in these low
cabon pipe deds. With higher niobium contents austenite processng can be caried out a
higher rolling temperatures. Additiona strength increases are obsarved due to niobium's role
in retarding the trandformation to ferrite, thus promoting a higher volume fraction of bainite,
and by forming NbC precipitates in ferrite.  This concept is idedly suited to produce high
drength via accelerated cooling, but one has to baance the amount of dloying dements with
the cooling rate to guarantee the demanded drength level for the consdered plate thickness.
These dloy desgns are not only suitable for producing high srength sour gas resistant pipes,
but the goproach aso dlows the production of pipes with high toughness on mills not cgpable
of withganding high rolling forces and additiondly on Steckd mills, where coiling the
shegtbars is often the limiting factor during severe thermomechanica rolling.  Another
interesting application is for the subgtrate of clad pipe, where the corroson resstance of the
cladding requires high finish rolling temperaiures, which would otherwise result in insufficient
toughness in the base metal.



Introduction

Thermomechanica rolling is used to maximise gran refinement and thus achieve both higher
drength and toughness. It is the stlandard means to produce plate or srip for high strength large
diameter line pipe to fulfil the safety requirements of the pipeine indusry. Thermomechanica
rolling is chaacterised by processng audenite in the temperature region of non
recryddlisaion, which results in an enhanced number of nucleation sStes for the ? to a
trandormation.  Audenite gran devdopment during thermomechanica ralling is shown
schematicdly in Figure 1.  However, there are medlurgical gStuations or faclity limitations,
where processing at temperatures of the metastable austenite is not feasible or advissble.
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Figure 1: Schematic representation of the thermomechanical rolling process

Fundamental Considerationsfor the Alloy Design

When the amount of solute niobium is increased, retardation of audenite recryddlisation is
obsarved a dggnificantly higher temperatures, Figure 2 (1), thereby dlowing the benefits of
thermomechanical rolling to be achieved a higher temperatures. Low carbon contents and the
fixing of nitrogen with titanium, an dement with a higher &ffinity for nitrogen then niobium,
prevent niobium carbonitride formation and dlow the higher niobium content to be easly
dissolved during rehegting of the dabs, Figure 3 (2,3). In this paper examples of such deds
having about 0.03% percent carbon, 0.09/0.10% niobium and Ti/N treatment, Specificaly
designed for high temperature processing (HTP), will be caled HTP sted.

The sdected titanium addition close to the stoichiometric ratio [% Ti = 342 x % N] has an
additionabenefit, snce it combines with nitrogen a rdativdy high temperatures. The TiN
compound remains dable a high temperature during reheating and prevents imparment in
toughness due to ‘free nitrogen’ Ns, according to the correlation:

FATT =k + v9% Nj (1)



(In this equation FATT is the 50 % ductile to brittle fracture appearance trangtion temperature
The effect of free nitrogen is especidly
important with regard to the toughnessin the hegt affected zone of aweldmen.

measured in the Chapy V notch impact test).
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Figure 3. Solubility of niobium carbide
and carbonitride respectively.

Begdes its direct influence on the solubility product of the niobium compounds, the low carbon
content provides better toughness and ductility. This is especidly relevant in cleean deds
which are characterised by very smal amounts of oxides and sulphides preferably in a globular
form (5) - and high purity is a prerequiste in modern high strength low dloy (HSLA) dted.
Typicd sulphur levels in pipe sed are < 0.005 % but in case of deds requiring resstance
agang hydrogen induced cracking (HIC) the leve may be as low as 10 ppm maximum. In
order to convert the remaning oxides and sulphides to a globular form, cadcium trestment is
commonly applied. To be effective the cdcium addition has to be above the stoichiometric
ratio of CalS=1.25 and aratio of around 2 istypica for low sulphur stedls.

Furthermore, the low carbon content reduces the tendency for segregation, as schematicaly
demondrated in Fgure 4. Most harmful in medium cabon deds is the interdendritic
enrichment during the peritectic reaction, where an additiona shrinkage occurs due to the
formation of face certred cubic austenite from the body centred cubic ddta ferrite.  Since liquid
ded is dso present in this reaction and is naurdly enriched in dloy content, it becomes
concentrated and later is trapped in the interdendritic pools. By further lowering carbon content
below the threshold vaue of 0.09%, dendritic segregation is also reduced by both - the reduced
olidification interval and the bigger ddta ferite interval, which facilitates homogenisation
because the diffuson coefficient of solute eements in ferrite being 100 times higher to that of
those in audenite.

The improvement in propeties of wedable sed grades began with the subgitution of
manganese for carbon (6). A higher manganese to carbon ratio leads to better toughness at
equal strength. As a result manganee is the most commonly used solid solution strengthening
element added to HSLA dstedls. Based on the above discussed, a carbon level of 0.03% and a
manganee level of around 2% would be needed to guarantee the drength levd of X 70.
However, in case resdance agangt hydrogen induced cracking (HIC) is dso required, the
manganee content must be limited in order to avoid the formation of hard microstructurd



condituents. The tolerable manganese content increases with lower carbon levels as shown in
Figure 5 (7) but should not be higher than about 1.7 % Mn for the 0.03% carbon levdl.
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Figure 5: Influence of carbon and manganese on HIC resistance.

In order to compensate for the reduced srength due to manganese redtrictions other solid
solution srengthening dements have to be added. Elements are preferred, which are readily



available and have no detrimental effect on HIC resstance. It is wedl known that additions of
copper, but dso chromium and nicke reduce the corroson rate under medium severe sour
conditions and thus reduce the hydrogen charging rate at the pipe surface, Figure 6 (8).
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Figure 6: Influence of dloying dements on sed corroson and hydrogen
absorption in wet H,S environment.

Processing-Microstructur e Relationships

Following the above described concept a demondtration heat was produced in Japan in 1983
and was processed in rolling mills of thirteen different companies usng a wide variety of
rolling regimes (9). The chemicad compostion rdied on 0.03% carbon, 0.10% niobium,
titanium (0.014%) to fix the low nitrogen content (0.0035%) and calcium treatment of the low
sulphur (0.0008%) stedl. The latter was required to ensure good sour gas resistance. For the
same reason the addition of manganese was redtricted to about 1.75 % and other aloying
eements such as Cu+Cr+Ni were added, in totd 0.75 %. The microstructura development
resulting from the various processng conditions are discussed dong with data from a HTP ded
melted in Mexico, having a 0.25% lower manganese content, the rest of the dloy contents
being smilar. This dloy desgn was gpplied in a 36° x 22 mm X 70 sour gas resstant offshore
pipdine (10), but many data were aso developed with triad production at various companies.

Sab Structure — Macro Etch

Deep etched dab samples show a complete surface to centre columnar crysta structure without
any equiaxed zone in the dab centre.  Such macroscopic investigations dso show very little
segregation in the centreline region with only occasond shrinkage holes.

This low degree of segregation is confirmed by chemicd andyses presented in Figure 7. The
segregation ratio of the most relevant aloying dement manganese is very low, amounting to a
ratio in the dab centre region of 1.06 a the most with no vaue above 1.90 percent manganese
detected in the 1.8 % Mn ded. This is an extremey good result, sSnce a manganese
segregation coefficient of two is commonly detected in traditiond HSLA seds having about
0.10% to 0.12% carbon and 1.30% to 1.50% manganese. This reault is given together with the
data of carbon and niobium segregation in Figure 7.
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Figure 7: Segregation of carbon, manganese and niobium in the HTP dab.

Sab Structure — Electron Microscopy

Two kinds of particles were observed in the continuoudy cast dabs— Figure 8:
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Figure 8: TEM observationsin HTP dabs showing cuboidal and dendritic precipitates.

Fine cuboidd particles of 200 nm maximum size, randomly dispersed in the matrix, and
exhibiting ggns of continuous growth.  STEM  invedtigations confirm, that these
particles are titanium rich and, as predicted by thermodynamic cdculations, are formed
a raher high temperaures. Thus they are aso stable a high reheating temperatures. In
contrast to observetions in many other titanium trested HSLA gseds no large ‘TiN’
cuboids, rather ineffective for grain refinement, were detected. The rdativdy smadl
paticle sze is a result of the low nitrogen and understoichiometric titanium addition,
which prevents TiN formation in the liquid stedl or during solidification.

Dendritic particles decorating the prior grain boundaries dmost independent of the
location of the cuboidd particles. Such fern like dendrites are severd microns long and



are ungable even a 1050 °C. The chemicd andyss indicates, that these are niobium
rich particles, which contain about 20% titanium in the core and 15% near the surface.

Recrysdlisation Stop Temperature

The recrysdlisation stop temperature Tyr has been determined by smulating hot rolling on a
hot torson machine: true strain per pass = 0.25, interpass time =30 s, cooling rate = 1 °C/s (11).
The data in Figure 9 confirm 1060 °C as Tyr for this ted, a temperature, which corresponds to
the onst of drain induced precipitation of niobium carbides in audenite.  As a reault, Al
deformation below this temperature promotes audtenite grain elongation, which is the essence
of thermomechanicd rolling. Even when aming for a totd deformation of three to four times
find thickness in this temperaiure range, the finish rolling temperature for HTP sed can be
more than 100 °C higher than typical for conventiond pipe seds. This dlows reduced rolling
forces and adds to mill productivity.
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Figure 9: Mean flow stress of HTP sted at different deformation temperatures.

Satus of Niohium in Plate and Strip

Since the dab reheating temperature is typicaly 1150 °C or higher, it can be assumed, that Al
the dendritic ‘NbC' precipitates will be dissolved according to the solubility product shown in
Figure 3 and therefore amogt dl the niobium should be in solid solution & the commencement
of raling. During audenite conditioning a portion of the niobium will be precipitated as drain
induced carbonitride or cabide on didocations.  Using chemica extraction techniques
described esawhere (9), the undissolved and the dtrain induced audtenite precipitates remain in
the filter resdue, while niobium in solid solution and the fine ferite precipitates will be
disolved. This technique dlows one to invedtigate the satus of niobium a the finish rolling
temperature.

Reaults of chemicad extraction sudies in relation to the equilibrium condition are shown in
Figure 10. Conventiond pipe ded, processed on a plae mill with a typicd finish rolling
temperature below 800°C, dlows only a smdl portion of niobium to reman in solid solution
and the amount of ‘soluble niobium is close to the equilibrium condition. A higher ‘soluble
niobium content of amost 0.02% is observed in hot grip, where the fina deformation steps are



continuous and feature higher rolling speeds and shorter interpass times as wel as a finish
rolling temperature about 100°C higher than for plate rolling. In contrast the HTP sted shows a
‘soluble’ niobium content as high as 0.04% for typicd finish rolling temperaiures in a plae
mill, with even higher values for hot strip processing.
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Inthe HTP sted three distinct kinds of particles have been found as follows:

Large (300 nm) cuboid particles, more or less uniformly distributed
Many cuboid and round shaped incoherent particles of about 30 nm diameter
Very fine precipitates of 2 to 8 nm homogeneoudy precipitated within the ferrite grains

Examples of the later two kinds of precipitates are given in Figure 11.

Figure 11: Incoherent austenite precipitates and fine ferrite precipitates.

The determination of chemicd compostion and lattice parameters of the incoherent precipitates
in the filtration resdue indicate that the coarser particles are close to a pure TiN, while the finer
particles are amost pure NbC, Figure 12. The coarse ‘TiN' particles are smilar to those in the
dab. They were not dissolved during reheating and therefore have some smadl influence on the
rehested audtenite grain size. The finer ‘NbC' particle fraction was formed by srain induced



precipitetion during audenite processng and is respondble for retarding recrystalisation.
Other researchers have adso found that these two digtinct paticle types exis (12), which
confirmsthat Ti/N trestment of HSLA sted can enhance niobium'’ s effectiveness.
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Figure 12: X-ray lattice parameters of carbo-nitrides in extracted residue of 0.03
% C —0.10 % Nb, titanium — treated plates.

Niobium in solid solution a the finish rolling temperaiure is avalable for the formation of
niobium carbide precipitates in ferrite, which have the gppropriate Sze for additionad srength
increase via precipitation hardening and an example has been shown &bove.  Additiondly,
niobium in solid solution has dso an effect in reducing the ?a trandformation, as will be
discussed below.

Trandormation Behaviour

The CCT diagram of the HTP ded dfter deformation in the metastable audtenite region is
shown in Fgure 13. As result of the sted’s low carbon content the microstructure will not
show any pearlite a typicad cooling rates of plate. Air cooling a gpproximatey 1 °C/s results,
after thermomechanicd ralling, in a microdructure condsing dmost completdy of polygond
ferrite with a very small percentage of low carbon bainite, often referred to as acicular ferrite.
The CCT diagram of this sted shows clearly that no carbon-rich martensite idands are formed.
This didinguishes it from other low carbon banitic grades, especidly a rather dow cooling
rates (13). With higher cooling rates the volume fraction of bainite increases and a 15 °Cls,
typicd for the cooling rae in acceerated cooling 20 mm plate, a lesst 50% of the
microdtructure is bainitic, the baance being polygonad ferrite.  The microstructure of these two
phases is shown in Fgure 14 which underlines the higher didocation dendty and the smdler
effective grain Sze in the banite.
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Figure 13: Deformation CCT diagram of HTP stedl.
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Figure 14: Typica microgructures of ferrite and bainitein HTP sted.

As a consquence of its rdatively large aom sze, niobium in solid solution retards the ?a
trandformation.  Quantitative metalography results for HTP plate and skelp with various
soluble niobium contents are shown in Figure 15. For the ar cooled plates the amount of
bainite increases with a higher fraction of solute niobium &t the finish rolling temperature.
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Figure 15: Influence of niobium in solid solution a the finish rolling temperature
on the volume fraction of bainite in air cooled and accelerated cooled HTP plate.



Processing-Pr operties Relationships

For 0.03% C—-0.10% Nb—1.75% Mn - HTP stedl

The mechanicd properties achieved with the above mentioned demondration heat (9) are
summarised in the following figures

The results shown in Figure 16 were achieved with a dmple two sage rolling schedule
including one dday after roughing and before darting find rolling in the nonrecrystalisation
region & about 900 °C with a finishing rolling temperaiure of 820 °C. This finish ralling
temperature is about 100 °C higher than for conventiond thermomechanicaly processed pipe
plates. The tensile properties are barely sufficient to satisfty X 70 grade requirements, when the
find deformation darts with a trander bar having a thickness of three times plate thickness.
However increesing the finish rolling severity to 35 times find thickness, improved yidd,
tensle strength and better toughness are obtained. The Charpy-V notch and the Batelle drop
weight tear tet (BDWTT) versus testing temperature curves ae shown in Fgure 17,
underlining the excdlent toughness which is obtained in such alow carbon dloy design.
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With the higher cooling rate d 15 °C/s typical for accelerated cooling, the transformation into a
low carbon bainitic microdtructure is promoted. Both, the finer effective gran sze and the
higher didocation dendty of the banite add to srength increase and the pipe plate thereby
reaches X 80 properties. Also a further toughness improvement is achieved as a result of the
finer effective grain of the bainite condtituent.

There is an optimum cooling stop temperature after accelerated cooling of approximately 500
to 550 °C, which is illugrated in Figure 18. At higher cooling stop temperatures the bainite



volume fraction is not maximised and a lower cooling sop temperatures some martendte
paticles are detected, which reduce the yidd drength by internd stresses.  The property
combinations reported above are obtained for a wide range of different plate thickness, which is
of utmost importance, snce new pipeine projects offshore are being laid in the grester depth
and may require wal thickness in excess of 40 mm. The data presented in Figure 19 indicate,
that X 70 propeties in combination with excdlent toughness are obtained with this dloy
desgn. Accderated cooling after thermomechanicd rolling is very helpful to reech this god,
even when consdering that the cooling rate is naturdly lowered with increasing thickness).

Heating temp.:1200°C, finishing temp.: 800°C
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600 700 [0~
.'*.\
° [ ~ OL \ I o
- =] S R
~ 580 o\ E sO~\ m
£ Pal N = 600|—— g oekmroanio 5
i .// * “\\ E ./.\ ’L
'« 560 " \ = o‘\ * —
2 / \ 2 500 Or ~wsp=t oot
£ /° L " e
2 540 ol
e ol
£ - 400
= -50 ,
2 520 . o Air cooling | /,o
O ® Accelerated cooling d
s -75 ye
5 L L ! | = ;‘5_/.
Air 400 500 600 700 = =
) . , = -100 —=0=>
| Coal top t ture in °C = -=Or~
cooling 0oling stop temperature - O’-—.-—’.
R -125
-150
10 20 30 40 50
Thickness in mm
Figure 18: Influence of cooling stop Figure 19: Mechanicd properties of HTP
temperaiure on the yidd drength of plates with different thickness.

18 mm plate

While grain refinement by more intendve thermomechanica rolling and/or a higher volume
fraction of bainite with its finer effective gran sze improves both - strength and toughness of
the sed — the effective usage of the precipitation hardening potentid of HTP sted additiondly
incresses strength with only limited deterioration in toughness, Figure 20.

A drength increase of 40 to 50 MPa is achieved in both air cooled and accelerated cooled
materid, if dow cooling is agoplied after transformation stat is reached. This dlows the
precipitation of NbC to become more complete. The benefit of a reduced cooling speed is
achieved naturdly in hot gtrip production, where the materid is coiled and is dso often used in
plate production, when plates are piled up for effective hydrogen removdl.

As a consequence of the low carbon content, the transformation in HTP Sed darts at
comparably high temperaure.  Thus the posshility exigs a typica finish rolling temperatures
to add additiona srength by increasing the didocation dengty in the newly formed ferrite as a
result of rolling in the two phase region a+?. The yidd and tensle strength increase with
higher deformation (lower finish rolling temperature) in the two phase region.
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Figure 20: Influence of cooling regime on the mechanica properties of HTP plate/skelp.
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For 0.03% C—0.10 % Nb —1.50 % Mn HTP Stedl

Data for the 1.75 % Mn contaning HTP sted are compared with results for a 1.50 %
manganee ded in Figure 21. As a result of the lower manganese content the ferrite
transformation starts a about 830 °C and one can achieve X 70 properties with a finish rolling
temperature of about 750 °C. Even though this is a finish rolling temperature smilar to that
used for normal X 70 production, one sill can make use of the other outstanding benefits of this
dloy desgn, such as its excdlent toughness, ductility, weldability and reduced segregation
tendency. In this context the toughness of an intercriticadly rolled X 70 plate from the low
manganese HTP ged should be reported (15); those plates show 85 % shear area in the
BDWTT a around — 50 °C and the Charpy-V-notch impact energy is above 300 J down to a
testing temperature of < - 80 °C.
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Figure 21: Tendle properties of ar cooled HTP plaes as a function of finish
rolling temperature and the manganese content.



Also evident is the observation, that for ar-cooled materid, finish rolled in the metagable
audenite region, this dloy content is not in itsdf aufficient to guarantee high srength in the
find pipe (14). The influence of various processng conditions on the mechanical properties of
this sed type ae summarized in Fgure 22: When usng ar-cooling and a find deformation
rate of three times find thickness just X 52 properties are achieved in the plate and even with a
fina deformation of four times only X 60 is obtained. A dightly higher cooling rate of 9 °Cls
to a cooling stop temperature a around 600 °C produced a certain percentage of bainite, which
increases the tensle properties to the X 70 levd. The limits of this goproach have been defined
and they indicated that X 70 plate properties could be obtained with accelerated cooling of 3.5
°Cls, when the manganese content did not drop below a vaue of 1.40 % (16). The above
discussion relates to plate properties, however after pipe forming the 22.4 mm plate increased
in strength and X 70 properties were comfortably achieved.
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Figure 22. Tendle properties of 22.3 mm plates of HTP sed containing 1.50 %
Mn a a funcion of finish rolling and cooling condtions finish rolling
temperature = 850 °C.

As dready indicated in Figure 21, the drength properties are not reduced, when the finish
rolling temperature is relatively high in the audtenite region. The important condition to obtain
high strength and toughness is a high tota deformation below the recryddlisation stop
temperature, i.e. bdlow 1060 °C. This is, of course, the highest temperature measured and this
postion is typicaly in the core of the transfer bar. High temperature processng in combination
with acceerated cooling is a very successful plate production method. Results, which have
been obtained in trid production of 20 mm plate (17), ae given in Table I. Despite the
different microstructure, which congss of fine graned ferrite plus some banite with 800 °C
FRT and 100 % bainite with finish rolling & 950 °C, the mechanical properties with regard to
both, strength and toughness, are practicaly identica. The result indicates, that X 70 properties
with excdlent notch toughness can be achieved, while finish rolling 200 °C higher than usud.

Table I: Properties of accelerated cooled, 20 mm HTP plate (0.03 % C, 1.5 %
Mn, 0.10 % Nb)

Finish Rolling Temperature Rto.s in MPa RminMPa | CVN Energy a - 100°CinJ

800 °C 496 593 236

950 °C 500 616 277




Hot dgrip rolling trids confirm the versatility of this dloy design when usng accderaed
cooling. Trids with 3 to 5 mm materia produced yidd srength greater than 550 MPa and
tensle strengths of more than 630 MPa wth typicd finish ralling temperature of 880 to 900 °C
but combined with a wide range of coiling temperatures, varying from 480 to 610 °C (18). The
lower coiling temperaures increese the amount of banite, whereas the higher coiling
temperatures dlow more niobium carbides to precipitate.  These two different Strengthening
mechanisms maintain the strength a an equd leve for awide range of coiling temperatures.

This versaility of the HTP dloy desgn is adso illudrated by the results achieved with other
trids caried out in a plate mill, where ater thermomechanica rolling of a 20 mm plate
accderated cooling with a high cooling rate of amost 60 °C/s was gpplied (19). In this trid the
temperature, a which the fast cooling was stopped, was varied from 650 to 100 °C, covering
the processes QST (quenching plus sdf tempering) a the higher and direct quenching a the
lower range of the investigated cooling stop temperatures. The results achieved are presented
in Fgure 23. At the highest cooling stop temperature (CST) the microstructure close to the
surface conggts of about 30 % ferrite and 70 % bainite with a change in the volume fraction of

these two condtituents towards the core of the plate, where the microstructure consst of about
80 % ferrite and 20 % banite. Even though there is dmost no change in the microgructurd
congtituents between a CST of 650 °C down to 550 °C a certain drop in the strength (about 30
MPa in yied drength) is observed. This indicates, that a a higher cooling stop temperature the
precipitation of NbC in ferrite becomes more complete.  With the increase of the bainite
fraction below a 550 °C CST, the strength increases and X 80 properties are achieved with a
CST of around 400 °C. With the appearance of some martendte in the microgtructure at CST

below 350 °C, the yidd strength is reduced, while the tendle strength is increased, this is a well

known feature of dual phase sted.
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Figure 23: Tensle properties of ‘direct quenched” 20 mm HTP plate (cooling rate
60 °C/s) as a function of the cooling stop temperature and after an additiona
annedling treatment.



When anneding these samples one obtains dmost equa propeties for dl cooling stop
temperatures and a gan in yidd drength of a leet 30 MPa which indicates that the
precipitation hardening potential of niobium has not been used completdy in the accderated
cooled condition.

Other Alloying Concepts

It has dready been mentioned that in ar-cooled HTP plates a higher manganese content is very
effective for increasing the drength.  This is not only the result of solid solution hardening, but
adso mangane's role in retarding the ? to a transformation, which gives a further srength
increase by refining the ferrite grains and promoting the formation of bainite. These results are
presented in Figure 24 and combined with results of HTP plates with higher dloy content (13).
In order to combine the effect of the various dloying dements into one dloy factor the
congtants from a carbon equivaent formula for low carbon stedls (20) have been adopted. This
figure indicates, that grester amounts of manganese, as well as additions of molybdenum and
boron, add to further drength increase epecidly by promoting the transformation into low
cabon banite Daa exig for invedigaions with molybdenum-free, boron containing HTP
plates indicating that, for such dloy dedgns the congant for boron underestimates its
transformation retarding effect (21). In order to achieve X 80 properties in ar-cooled HTP
ded, a rather high dloy factor of around 0.145 is needed. Even though such sted will exhibit
excelent toughness after thermomechanica rolling, such high dloy contents may be expected
to have a detrimentd effect on heat-affected zone properties and from an expense viewpoint
accelerated cooling is usudly preferred.
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Fig. 24. Tendle properties of air cooled 18 mm HTP plates.

To invedigate the sengtivity of the HTP dloy concept to changes in nitrogen and titanium
hests with a rather large range of nitrogen levels (0.0032 to 0.0092 %) and titanium contents
from 0.008 to 0.024 % were investigated (22). With the exception of one heat al titanium



additions were understoichiometric to nitrogen. The ‘free nitrogen’, i.e theoreticdly not
combined as TiN according to the equilibrium condition (23) a 1200 °C, was cdculated for
eech ded compogtion. Even though this gpproach may have limitations due to the complex
chemicd compostion of the coarse carbonitrides, the amount of ‘free nitrogen’ was used to
explain the scatter in mechanica properties of these plates. It can be assumed that the ‘free
nitrogen’ will precipitate as ‘NbN’ on the TiN particles, thereby reducing the solute niobium
content in the lower audenite region. Thus, even though dl seds had a niobium levd in the
range of 0.09% to 0.10%, the caculated ‘effective niobium content was reduced to vaues as
low as 0.055%. For identical rolling conditions a good corrdation exists between this
caculaed ‘effectiveé niobium content and the yield strength, Figure 25.
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Figure 25: Yidd drength of HTP plates conddering the influence of carbon,
nitrogen and titanium on the effectiveness of niobium.

In addition to the 0.03% carbon plates containing varying levels of nitrogen and titanium,
Figure 25 ds0 shows the yidd drength data for HTP plates exhibiting dightly higher or lower
carbon leveds. With lowering of the carbon content a higher yield srength is observed, which
may be surprising a fird glance. However, this can be explained by the fact, that not only the
greater amount of niobium, but dso a lower amount of carbon increases the volume fraction of
niobium carbides available for precipitation after austenite processng. Furthermore, the larger
amount of solute niobium aso has a transformation retarding effect, as discussed previoudy,
and so adds to the strength increase.  The increase in strength by approaching the stoichiometric
ratio of (Ti + Nb)/(C + N) has been observed earlier (23), however it is true only n the case of
excess interditids remaining in the sed.  When the doichiometric compostion is exceeded,
eg. by further lowering the carbon content or increasing the niobium content, not only will the
theoreticdly avalable amount of precititates be reduced, but dso the interditid free status will
itsdf cause an immediate drop in the tensle properties. This is combined with reduced
toughness of the sted owing to week grain boundaries. Congdering segregation in commercia
ded, it is therefore recommended not to lower the carbon content much below 0.03%, so as to
avoid the risk of reaching the interdtitial free condition.

The effect of nitrogen and carbon in lowering the yidd drength of ar-cooled materid, but
especidly of accelerated cooled materid, is shown by comparing steds A (9) and sted B (25)
in Figure 26. An optimised HTP sted is based on low nitrogen content and maiched with a
doichiometric  addition of titanium together with carbon, niobium and the other dloying



eements compatible with the ingdled rolling and cooling equipment, while kegping cost in
mind.

The HTP ged produces excelent properties in thick plate, as shown previoudy. Additiond
data are presented in Figure 26, where the 34 mm plate of sted A is compared with the
properties of sour gas resstant low manganese plates of the same thickness. The dloy design
of this commercidly produced sted C (26), is dso based on the low interdtitial concept in order
to reduce dendritic segregation, but usng a different combinaion of the microdloying dements
niobium plus vanadium.  Additiond drengthening of this sted could be achieved by usng
more niobium or solid solution hardening dements such as chromium ether sngle or in
combingtion.
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Figure 26. Tensle propeties of HTP plaes demondrating the influence of
interdtitid and dloying eements and cooling conditions.

Weldment Properties

The HTP dloy design produces excdlent toughness in the heat affected zone (HAZ), far
superior to conventiond pipe sted, and for a wide range of coodling raes. This is shown in
Figure 27, which presents results of weding smulations (9. The smulated weding cycle
represents the conditions in the grain coarsened heat affected zone (GCHAZ), which is usudly
the region of poorest toughness. It condsts of a reheat treatment to a peak temperature of 1350
°C, followed by different cooling rates, which were measured between 800 and 700 °C during
the cooling process. The data in Figure 27 include the most commonly applied commercia
welding processes for pipdines, such as manua metd ac welding (MMA)- often applied in
pipe laying in the fidd - with a cooling rate of about 100 °C/s or in the submerged arc welding
process (SAW) having a cooling rate of about 10 °C/s, which is the standard process for large
diameter pipe production and double jointing. The study shows, that the impact properties in
the HAZ of HTP ded are far superior to these obtained in a conventiond ferritic-pearlitic pipe
gsed X70, which are based on a higher carbon content leading to a peritectic transformation
during solidification. Even when weding processes with much lower cooling rates are gpplied,



such as dectro dag welding (ESW), satisfactory toughness can be expected in the HAZ of te
HTP sted. A dow cooling rate of about 1 °C/s can be expected aso in the flash butt welding
process (FBW), which is applied for field welding in the CIS.
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The excdlent toughness for a wide range of welding processes is attributable to the formation
of low carbon bainitic microstructures over a wide range of cooling conditions, Figure 28. It
should be noted that even for the rdativdy fast cooling rate typicd for fidd weding no
martenste is formed in the GCHAZ.
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Figure 28 Trandormation behaviour for Smulated HAZ (pesk temperature

1350 °C) of HTP stedl with 0.03 % C —0.10 % Nb and 1.75 % Mn.

The HAZ toughness, microstructure and CCT diagram of the HTP sed with the lower
manganese content of 1.50 % Mn are very dmilar to those the 1.75 % Mn ged (27). This
obsarvaion is in agreement with a model shown in Figure 29 (28), which has been developed



from gsudying the wedability of a wide variety of low cabon HSLA deds with different
chemicd compogtions At a fird glance it is surpriang, tha higher dloy contents in low
carbon steds can have a podgtive effect on toughness in the grain coarsened hest-affected zone,
However a higher dloy contents the transformation occurs a lower temperature and thus finer
acicular microstructures replace coarse and granular microstructures.  Neverthdess, there exigs
an optimum dloy content for each cooling rate, snce a very high dloy contents the
microdructure will contain  martengtitic condituents, which have a derimenta effect on
toughness. The 0.03% carbon geds in Figure 29 having above optimum dloy content were
desgned to produce X80 without accelerated cooling, but relying on larger amounts of dloying
eements, such as combinations of 2% manganese plus molybdenum and boron. Therefore
besdes economic condderations the ease of wedability make acceerated cooling more
favourable.
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Figure 29: Impact toughness of smulated heat affected zone (pesk temperature =
1350 °C) asafunction of aloy content.

The worst welding condition with regard to weldment properties exists in the FBW process,
due to the rdativey long processing time and high heat input, which causes a wide hesat
affected zone. This gives a subgtantid drop in tensle and impact properties (HAZ softening),
which may disqudify the process or will need post weld teat trestment such as induction
heating, quenching and tempering to recover the logt drength. In a mgor sudy to classify
various pipe seds for the flash butt welding process, the HTP sted was found to be rather
resgant to HAZ softening and superior to dl the other steds invesigated (29, 30). At the
testing temperature of — 40 °C dl other pipe steds showed a wide scatter of impact energies in
unnotched specimens with data as low as 10J, but the HTP sted aways produced more than
300 J impact energy. The lowest hardness and strength results are observed at a distance of 30
to 40 mm from the fuson boundary, Figure 30, where the pesk temperature is in the
intercritica region a+?. The actud drength vadues are about 50 to 100 MPa higher than for
other pipe deds invedigated and reached X 65 properties. To restore the original X 70
properties a heat trestment is recommended, which requires reheating to 1100 °C followed by
accelerated cooling.
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Properties in the weld metd depend on the consumables and the chemica compostion of the
base metd due to dilution effects For multi-layer weldment by the MMA process the base
metal is of minor importance due to the low dilution factor, whereas about 60% of the base
metd is dissolved in the SAW. Thus the consumables for HTP steds must be suitable to
tolerate a niobium content of about 0.06 %. The best results are achieved with a wire giving a
low carbon bainitic microgructure (Mo, Ti and B containing) in combinaion with an dumina
basc flux to guarantee low oxygen contents (9). Even so for the second seam the niobium-
cabide precipitation will be more complete, resulting in a certan hardness increase in this
region, the absolute vaue will nevertheless remain below the 250 HV leve.

Application of the HTP Concept

The concept of pearlite free sed with low carbon (<0.02 %) including the podtive role of
niobium up to 0.11% was described thirty years ago (31). Furthermore, a sted based on 0.04%
C, 1.60% Mn, 0.25% Mo and 0.06% Nb was dready produced by IPSCO and successfully
gpplied by the TransCanada Pipeline Company Ltd. for a mgor expanson project in 1971/72
(32). Based on this first use of the ‘acicular ferrite concept several sted companies in North
America, Europe (Italy, France) and Japan caried out research work and had indudtrid
production. Also the podtive role of accderated cooling and quenching has aready been
described (33).

Nevertheless the low carbon bainite dloy design declined in importance with the molybdenum
criss a the end of the 1970's, adthough it was sill used by IPSCO. Therefore the polygond
ferrite, pearlite containing, niobium plus vanadium microaloyed sted became the most relevant
grade for line pipes, especidly for X 70. With the results of the demondration heat (9) one
decade later the interest in this concept of a low carbon bainitic pipe sted was reintroduced for
sdected gpplications, especidly dnce the posshility of high temperature thermomechanical
roling could be demonsrated and an acicular microstructure could be obtained without
molybdenum additions.

Economica hot drip production naturaly utilizes a higher finish rolling temperaiure than plate
production, to accommodate the high deformation per pass in the continuous rolling process of



the finishing train. Therefore often higher niobium levels are observed compared to pipe plae
of the same strength and thickness (34). It has been demonstrated, that a 0.05 %C + 1.85 %Mn
+ 0.30 %Cu + 0.30% Cr + 0.20 %Ni + 0.09 %Nb + 0.03 %V sed gives excellent X 80
properties in spira pipe of 16 mm wall (35). A more recent pipe plate order for 45,000 tons of
X80 dso followed this concept (36). This particular plate mill utilized a modest accelerated
cooling sysem producing a cooling rate of 4 °Cls, therefore the sted had to rely dso on a
molybdenum addition. The typicad chemica compostion was 0.05 %C + 1.75 %Mn + 0.30
%Cu + 0.30 %Ni + 0.30 % Mo + 0.08 % Nb + 0.01 % Ti.

In contrast to the strong mills in Europe, Korea and Japan, in North America severa older plate
mills exig, which do not accommodate high ralling loads and therefore need to operate at
higher ralling temperatures. There the HTP concept has been frequently applied in recent years
after taloring to loca conditions. Pipe sed production in Stecked mills may aso require
higher temperature processing conditions. This requirement is traceable to the need to cail the
sheet bar during the find rolling processng. Thus high temperature processng offers the
opportunity for these companies to produce thermomechanicaly rolled pipe sed. The totd
tonnage of HTP sted produced in the last decade surpassed dready the threshold vaue of one
million tons.

Another interesting agpplication is in clad pipe, where the required corroson resstance of the
high dloy cdadding materid does not alow application of low finish ralling temperatures. The
highet corroson ressance of the cladding materid is obtaned in the solution treated
condition, but it can adso be redized in the as rolled condition by direct quenching, when no
mgor intermetdlic precipitates are formed before the quenching operation. The criticd pitting
temperature for the commonly applied Incoloy 825 is favourable only when a finish raling
temperature above 950 °C and at least three minutes delay time before quenching are applied,
Figure 31 (37). Lower finish rolling temperatures or shorter delay times reduce the
effectiveness of the cladding. On the other hand the HSLA ded subgtrate has to exhibit the
drength, toughness and fidd weldability of pipdine sed, which is traditiondly possble only
with thermomechanicd ralling. Data obtained by two companies ae summarized in Table II.
By subdituting their conventiond low carbon dloy with a high niobium HTP ged for the clad
pipe production an improvement of 20 °C in the BDWTT trandtion temperature has been
achieved.
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Figure 31: Effect of finish rolling temperature and delay time before direct quenching on the
citica pitting temperature of Incoloy 825, test method according to ASTM G 48, 48 hours.



Table Il Chemical composition of the base metal and mechanica properties of clad pipe

Reference  Steel type
% C % Mn % Cu+Cr+Ni+Mo % V %Nb %Ti
37 Convertional 0.04 1.43 0.36 0 0.04 0.01
37 HTP 0.04 1.54 0.27 0 0.09 0.01
34 Convertional 0.04 1.52 0.41 0.05 0.03 0.03
34 HTP 0.04 15 0.33 0 0.1 0.01
Reference Steel type YS TS 85 % shear BDWTT
(MPa) (MPa) °C
37 Convertional 524 592
37 HTP 539 603 -18
34 Convertional 478 575 0
34 HTP 516 612 -18

Summary and Conclusons

The processng—microstructure-property relationships for steds employing the HTP concept
were evauated for 0.03% carbon — 0.10% niobium ged, utilizing various dloy desgns and
different rolling practices. The bendfits of this gpproach include the possbility of finish ralling
a a temperature about 100 to 200° C higher than that for conventional thermomechanicd
rolling, while mantaning excdlent toughness, ductility and weding as wdl a minimizing
segregation of dl dloying dements.  Thee deds are thus being favoured, when sour gas
resstanceis aso required.

The optimum microstructure is a low carbon bainite, which can be obtaned by acceerated
cooling or additiond dloying. Furthermore the precipitation hardening potentid of NbC can
adso be maximised. These complementary effects are summarised in the nomograph Figure 32
by reference to niobium in solid solution at the finish rolling temperature.
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Figure32: Effect of solute niobium and cooling conditions on microstructure and
yidd strength of HTP Nb sted.

The HTP concept has been adapted to the available facilities in various companies.

obtain the necessary yidd and especidly the necessary tensile srength for X 70 pipes a volume
fraction of about 20% bainite is needed in these low carbon steds. This can be obtained by

In order to



increasing the dloy content or increesing the cooling rate after thermomechanicd rolling.  The
niobium content in this dloy desgn adds to drength increase not only by facilitating high
temperature austenite conditioning but dso by causng the ? to a trandformation to occur a a
lower temperature (which results in a higher volume fraction of bainite) and by coherent ferrite
precipitates. In order to make optimum use of the niobium addition low carbon contents
(typicdly 0.03 %), a low nitrogen content (below 50 ppm), and a stoichiometric addition of
titanium to nitrogen are recommended. By increasng the volume fraction of bainite with the
above mentioned means, even thick wal sour gas resgtant pipes of grade X 80 becomes

possible.
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